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It  \\;is  iliscovoroil  th;il  siraiii-lroo  liiMmUh-siil'stituiv.Hl  taro  earth  iron  ijarnet  crystals 
can  he  grown  ' > lit|ni(,l  phase  cf'itaxy  on  gailoliniiim  gallium  garnet  proviileil  that  sodium 
oxide  or  lead  oxide  is  addeil  to  the  hismuth  oxiile  solvent  melt.  I'he  function  of  the 
MHlium  or  leail  oxiile  is  to  increase  the  amount  of  elastic  cotnprlv^e  strain  a growitig 
cxstal  film  can  support  and  yet  at  the  same  time  maintaiti  pert'ect  lattice  registry  with 
the  substrate  crystal  In  this  wax  the  strain  whicli  develops  during  cooling  to  room 
temperature  after  growth  is  cancelled.  Ihus.  the  epitaxial  crystal  does  not  fracture  despite 
the  large  thermal  expansion  coefficient  mismatch  which  exists  between  hismuth  rare  earth 
iron  garnet  crxstals  and  the  gadolinium  garnet  substrate  material.  Of  course,  the  growth 
ot  strain  tree  crystals  is  aided  b\  utili/ing  as  low  a growth  temperature  as  practical. 

The  characteri/ation  of  the  crystals  shows  that  they  are  well  suited  for  laser  beam 
steering  cspeci.illy  at  1 .0(i  /jin  wavelength.  I he  desired  large  l araday  rotation.  25.()00°/ctn 
.It  ('.'2iS  \.  and  .'000° 'cm  at  I .()('  ium.  was  obtained.  I itrthermore.  some  ot  the  crystals 
.ire  relatively  transparent  at  1 .0(i  pm  wavelength.  .Absorption  coefficients  ot  lO-lOOdb  cm 
are  tvpical  ot  the  best  whereas  coet Ticients  more  than  1000  db  cm  were  noteil  for  sotne 
ot  the  le.ist  tr.insparent.  The  exact  cause  ot  the  absorption  is  not  known;  the  cause  is 
probablv  electronic  transitions  between  locali/ed  band  gap  states  which  are  due  to 
cheimc.il  impurities.  Ihe  high  rotation  ;ind  high  transparenev  indicate  that  with  the  existing 
crxstals  a 50  efficient  be.im  steering  device  for  1 .01)  pm  is  possible. 

Ihe  magnetic  pro|’erties  ot  the  bismuth  garnet  crxstals  are  ideal  for  stripe  domain 
tormation.  Ihe  high  m.igneti/ation.  1000  to  1X00  (iauss.  and  the  low  normal  atiistropv. 

50-100  Oe.  are  well  suited  to  low  drive  power  steering  devices. 

I he  scatter  structure  ot  the  tirst  order  Jiftracted  beam  has  been  associated  with  a 
stripe  grating  perturbation  in  the  torm  of  a vertex  domain  structure.  The  vertices  divide 
the  gr.itmg  into  separate,  uniform  regions  .md  move  in  response  to  changes  in  drive  field. 
\ertcx  doin.iiiis  are  not  necessarv  tor  grating  periodicitv  changes;  however,  whenever  they 
occur,  thev  must  be  kept  out  of  the  beam  .iperture.  v’ertex  domain  grating  perturbations 
win  cause  a It)  nir  iream  divergence. 
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SECTION  I 
INTRODUCTION 


Following  the  discovery  and  development  of  the  laser,  applications  which  utilize  the 
hrighness  and  collimation  of  laser  beams  have  proliferated.  Many  of  the  applications 
a'qiiire  wide  angle,  high  resolution  laser  beam  steering.  One  such  application  is  laser 
recording;  other  applications  are  scanning,  communications,  target  designation,  optical 
processing,  and  optical  computer  memories. 

The  objective  of  tins  program  is  to  explore  the  operating  characteristics  of  the 
magneto-optic  laser  beam  steering.  The  method  of  beam  steering  has  several  unique 
features  which  would  simplify  the  optical  arrangements  of  proposed  systems. 

This  effort  is  to  explore  magneto-optic  laser  beam  steering:  to  measure  the  optical, 
the  magnetic,  ami  the  physical  characteristics  of  magnetivoptic  materials  to  a degree 
which  will  allow  design  of  useful  devices.  This  effort  does  not  include  testing  of  new 
material  formulations  but  only  the  preparation  arul  examination  of  materials  which  have 
been  shown  in  the  past  to  possess  the  necessary  characteristics  to  be  of  interest  for 
optical  beam  steering  at  la.ser  wavelengths. 

Many  laser  applications  have  been  proposed  to  take  advantage  of  the  high  brightness 
and  excellent  collimation  of  laser  optical  sources.  However,  in  order  to  provide  improved 
systems  based  on  the  optical  properties  of  laser  radiation,  accurate  and  predictable 
directional  control  of  this  radiation  is  needeil.  At  high  scan  rates,  such  as  those  needed 
for  image  recording,  electrically  driven,  non-moving  beam  steering  methods  are  preferreil. 

Rotating  prismatic  mirrors  are  the  common  method  for  steering  optical  radiation. 
Such  systems  perform  adecpiately  at  slow  scan  rates  but  encounter  difficidties  at  the  high 
scan  rates  needed  for  image  recording.  At  60.000  to  100,000  rpm.  prisms  show  physical 
distortion  due  to  centrifugal  lorce  ami  scan  synchronization  is  difficult  to  maintain.  Rotating 
optical  elements  are  limited  to  beam  steering  in  otily  otie  direction  with  no  random  access 
capa  bility . 
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Mii.mK’lo-optic  laser  heam  stcermi:  hy  ineaiis  ol  llte  I aiaila>  circct  I'r  tlie  inauneto- 

optie  Kerr  ellcet  in  stripe  Joinaiiis  has  heen  shown  to  possess  eliaraeteristies  which  teiui 

to  overcome  or  circumvent  jirohlems  which  limit  other  tecltniiiiies.  Laser  beam  steering  in 

two  ortliogonal  ilirections  with  a single  device  has  been  shown  to  be  possible  witli  low 
1 ■'  ^ 

power  consumption.  — 


A magneti>-optic  light  ilellector  based  on  the  stripe  domain  phenomena  is  inherently 
a wide  angle,  two  dimensional,  high  resolution  ilellector.  DilTraction  ol  a light  beam 
occurs  as  a result  ot  a periodic  variation  in  the  wave  amplitude  or  phase  across  a wave 
normal  surface.  Magnetic  stripe  ilomains  can  introduce  a perioilic  180°  phase  variation  in 
a light  beam.  Consider  an  array  of  stripe  domains  in  a magnetic  platelet  and  a light  beam 
propagating  normal  to  the  platelet.  Figure  I.  A stripe  domain  is  a long,  straight  region  of 
uniform  width  in  which  the  niagneti/ation  vector  is  nearly  constant.  In  an  array  ol 
parallel  stripe  ilomains  the  magnetization  in  every  domain  has  one  component  which  is  in 
the  plane  of  the  platelet  and  parallel  to  the  stripe  direction  Isee  Figure  I.  where  the 
domains  are  parallel  to  the  x-a\is).  This  component  has  a constant  magnitude  everywhere 
in  the  arr  auses  the  stripes  to  line  up  with  the  applied  magnetic  lield.  The  other 

magnet  nponent  which  is  normal  to  the  plane  of  the  platelet  introduces  the 

peril'  ai.ition  m the  light  beam.  Ihis  component  points  parallel  to  the  z-axis  in 

the  .iiiiilvred  domains  and  the  opposite  way.  antiparallel  to  the  z-axis  in  the  even- 
numbered  domains  Isee  Figure  1 ).  Since  the  sense  ol  the  magneto-optic  polarization 
rotation  depends  on  whether  the  light  propagates  parallel  or  aniiparallel  to  the  magneti- 
zation. Ihis  arrangement  produces  a differential  Faraday  rotation  between  light  passing 
through  the  even-numbered  domains  and  the  light  passing  through  the  odd-numivred 
dom.nns.  Fhe  differentially  rotated  light  beam  has  an  electric  component  which  is 
orthogonal  to  the  incident  electric  vector  polarization  and  which  has  180°  alternations 
Ipar.illel  and  anli|rarallel  to  y-axis)  which  match  the  periodic  domain  structure.  In  the  far 
Held  region  this  alternating  vector  adds  constructively  at  angles  given  by  Sin 

n X 2d  where  d is  the  width  of  a domain.  X is  the  light  beam  wavelength,  and  n is 
the  order  ol  ihe  beam  In  = 0.  1.  3.  .‘i  etc.).  The  maximum  intensity  in  the  diffracled 
beams  is  attained  when  the  Faraday  rotation  is  id0°.  In  this  special  c;ise  SI*!  of  the  light 
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f-'iguro  1.  Stripe  domains  in  a platelet.  One  component  of  majmetization,  M. 

points  out  of  the  plane  in  the  odd-numix'red  domains  and  into  the 
plane  in  the  even-numbered  ilomains.  Light  propagates  upward  with  a 
wave  vector  K perpendicular  to  the  platelet  and  is  rotated  clockwi.se 
(with  respect  to  K)  in  even-numbered  domains  and  counter  clockwise 
in  odil-numbered  ilomains.  The  rotated  optical  electric  vector  is  Lp; 
the  initial  is  I'l,  and  the  alternating  component  is  H^. 
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sioos  into  tho  first  order  ilillr;ieted  heams,  goes  into  the  tliird  order  heam.  and  so  on. 
Not  I'lily  do  tile  stripes  line  up  parallel  to  an  applieil  inagnetie  field  but  the  stiipe  vviilth 
depends  inversely  on  the  strength  ol  the  applied  field.  V'ariations  in  stripe  wiilth  ol  an 
order  ol'  magnitude  have  been  measured.  I'hus.  both  the  diffraelion  angle  and  the  dillrae- 
lion  direetion  can  be  varied  In  the  applied  magnetic  field.  ( onse(|uenll\ . siniie  domains  can 
be  useil  as  a wide  angle,  two  dimensional  light  deflector.  Changes  m diffraction  .ingle  ol 
2t)  aiul  rot.iiion  about  the  deflection  axis  of  d()0  have  been  measured  with  ,i  green  (514s  ,\ ) 
.\r  laser  line. 

The  rale  at  which  a stripe  domain  deflector  can  scan  is  the  rale  at  which  the  stripe 
domains  can  be  altereil.  This  ilepeiuls  on  the  intrinsic  properties  ol  the  stripe  domain 
element,  anil  the  rate  at  which  the  external  magnetic  fields  used  ti'  control  the  stripes 
can  be  changed.  There  are  two  basic  switching  modes  for  magnetic  platelets:  wall  motion 
and  magneti/alion  rotation.  While  the  speeds  of  both  processes  depend  on  the  materials 
used  and  the  magnitude  of  the  fields  applied,  the  latter  process  occurs  typically  in 
approximately  10  nanoseeonds,  while  the  former  process  lakes  place  in  a lew  micro- 
seconds. While  either  mode  is  possible  with  the  stripe  domain  dellector,  the  wall  motion 
process  appears  preferable  at  this  point  because  the  electronics  lor  applying  the  magnetic 
field  are  simpler,  and  because  the  extra  speed  of  the  rotation  process  is  not  required  for 
the  applications  anticipated. 

The  efficiencv  of  the  deneclor  can  be  dramatically  improved  by  using  the  high 
figure  of  merit  garnets.  I he  efficiency  vs  wavelength  is  shown  for  various  materials  in 

1 igure  2.  The  original  1.06  jam  material  was  > 1(1.  I he  efficiency  is  about  .14  at  room 
temperature  anil  about  .<S  for  VKl  at  77“K.  I'he  value  for  \ 1(1  shown  in  l igure  2 is 
lower  than  this  but  reasonable  since  the  efficiency  depends  on  the  exact  location  ol  the 
absorption  band  edge,  ( he  efficiency  of  (Idi  lli  ()|  •«  is  over  .X  lor  a broad  range  ol 
wavelengths  at  room  temperature.  I urthermore.  the  high  rotation  allows  the  use  ol 
platelets  which  are  about  300  pm  thick  for  single  pass  operation  and  which  are  about 
30pm  thick  in  multiple  pass  configuration.  The  efficiency  of  Bi  7Y-.  ^TegOji  is  also  quite 
high.  It  IS  expected  that  by  inereasing  the  bismuth  content,  the  efficieney  can  match  that 
of  the  (Id  garnet.  Tven  at  short  wavelengths,  632X.\.  the  elficiency  is  at  least  15''7.  l igure 

2 ,ils('  shows  that  KbTeb:?  possesses  high  efficiency  over  a large  portion  of  the  uv  and  visible 
spectrum. 
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SKCTION  II 

GROWTH  OI  STRAIN  ! RLi;  BISMUTH  Ci ARNUT  CRYSTALS 


A.  Summary 

I rite  main  problem  witieh  existei.1  with  Ll’l-  of  bismuth  itarnet  erystal  tilms  on  (iCiC. 

subNtrates  was  that  upon  eoolini>  the  erystal  from  growth  temperature  to  room 
temperature,  a large  tensile  strain  ilevelopeil  in  the  tilm  plane. Phis  strain  invariabK 
resulleil  in  the  Iraeturing  of  all  but  the  very  thinnest  films.  Our  measurements  of  thermal 
mismateh  iiuiieateil  (at  least  at  the  time  eorresponding  to  the  beginning  of  this  proieel) 
that  the  thermal  strain  eouki  be  explained  in  terms  ot  the  dilterenee  between  the  lilm 
thermal  expansion  eoeffeeient  and  the  substrate  thermal  expansion  eoetlieient.  It  is 
possible  for  a film  to  grow  in  eompression.  but  the  amount  of  eompressive  strain 
evidently  was  not  adeiiuate  to  offset  the  thermal  strain. 

It  was  assumed  that  the  thermal  expansivity  ol  the  tilm  eouki  not  be  easily  altered 
So  we  approaehed  the  problem  of  growing  strain-free  bismuth  garnet  lilms  In  attempting 
to  reiiuee  the  growth  temperature  from  1000°C  tc)  " (iOO°C  and  therein  reduee  the 
thermal  ..train.  This  was  to  be  aeeomplishetl  by  i sing  a low  melting  temper.iture  solvent, 
sueh  as  Bisfi;^  BsO:^  or  BisO-^  NasO. 

1 

\ In  the  proeess  ol  working  with  the  various  low  temperature  melts,  it  beeame  evident 

that  eert.iin  melts  allow  enough  eompressive  strain  during  growth  to  eompensate  lor 

1 thermal  mismateh.  Speeifieally . BisO:^  NasO  melts  and  BisO-^  I’bO  melts  eaeh 

! prodiiee  strain-free,  eraek-free  bismuth  garnet  erxstals. 

i 

i Phe  melts  will  he  presented  in  the  following  order:  I)  BisO:^  high  temperature 

garnet.  2)  BisO-^  low  temperature  non-garnet,  BisO;^  I’bO.  and  4)  BisO:^  NasO. 

The  first  two  types  of  melts  repmsent  the  simplest  Bi  garnet  melt  and  were  useil  in 
previous  work.  Thus  they  were  masonable  melts  to  start  with.  The  seeond  two  melts 
R'present  melts  whieh  were  devised  for  low  growth  temperature.  These  melts  produced 
strain-tree  films.  Pinally  we  will  mention  several  different  melts  whieh  tliil  not  produce 

'.Air  Poree  Technical  Report  AP AL-TR-V.S-I  22  (August  l‘>~.‘1) 
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usol'iil  I'ilms.  Two  x-niy  tc  Jitiii|iu.'s  woro  applicil  to  tlu-  aiiaUsis  nt  l ilms  I tom  llu’sc 
molts,  riio  first  is  in-plano  lattice  match  measurement,  the  seeonil,  thermal  expansion 
measurement. 

H.  BisO-,  Melts 

I he  simplest  leail  free  flux  is  BnO^.  Other  leah  tree  lluxes  h.oe  m .uhhlion  B.U  >. 

BiO^.  riiese  leah-liee  lluxes  ,ire  more  ihllieull  lo  uork  uilh  ih.m  lead  oxnie  lluxes.  Ihix 
ailhesion  is  a erealer  problem,  film  eiaekmg  occurs  due  lo  adhesum  .md  lo  ihl  lereini.d  ex- 
pansion. .Also.  Bi  s()s  has  such  a teiulenex  to  ihssoKe  pl.ilmum  that  lot  some  melts  platinum 
crystals  t:row  at  nearly  the  same  rate  as  carnet  erxstals  .\s  noted  b\  other  ^nvesiieators. 
the  lower  the  melt  temperature  iluriiip  deposilion  (the  erealei  Ihe  supeisaluralion I.  Ihe 
greater  the  pereenttige  of  bismuth  in  the  resulting  er\ siaf''  **  llie  larger  percentage  ol 
bismuth,  the  larger  the  hittiee  constant.  .As  shown  below,  the  lattice  constant  ol  erxstals 
grown  in  BisO^  lluxes  is  such  a strong  funetioi'  of  growth  tem|X'rature  that  verx  aeeurale 
temperature  control  is  necessary  to  obtain  grow  i in  region  I (defined  as  the  region  m 
which  the  in-phine  lattice  of  Him  ;ind  substrate  are  the  samel. '■'“  In  order  lo 
determine  whether  a film  has  been  grown  in  region  I or  II  (defined  as  the  region  in  xxhieh 
the  in-plane  lattice  constants  of  lilin  and  substrate  ;ire  different  ' I.  it  is  necessary  to 
measure  Ihe  in-plane  lattice  mismatch  between  film  ;md  substrate,  ^a  with  x-rays  The 
measurement  of  the  perpendicuhir  lattice  mismateh,  Aa'.  is  not  suftieienl. 

Melt  108.  Table  1.  is  ;i  high  leinpertiture  BisO-^  melt  in  which  the  principal 
prvei[htate  is  garnet,  l-'igure  .1  shows  the  perpeiulieular  and  in-plane  lattice  niismalehes. 

A;i^  atui  Aa  between  Him  ;ind  (1(1(1  subsinite  as  a funetimi  of  grtiwth  tem|vrature  for 
(Mil  lilms  Irom  this  melt.  Note  that  the  in-plane  mismateh  is  nearly  zero  in  the  region  be- 
tween I (l.sO^t  ■ and  l()7()°('.  I'his  constitutes  region  1.  Above  that  region,  films  grow  with  such 
a delieieney  ol  bisinulh  that  Ihe  cry  si  ds  grow  with  an  in-plane  lalliee  smaller  than  that  of 

^A.  Akselrad.  R.  f . Novak,  IJ.  L.  Patterson.  A.l.P.  Conf.  Proe.  18.  h4d-d.S3.  ( l‘M.^1 

Witteroek.  J.  M.  Robertson,  I'.  .1.  A.  Popma.  P.  F'.  Bongers.  A.l.P.  Conf.  F’roe.  10, 
1418(1972) 

'^^P.  Besser,  et  al.  A.l.P.  Conf.  Proe.  ,S.  I 2.S-9  ( l»-h 
' ' P.  Besser,  et  al.  Mat.  Res.  Bull.  ().  I I 1 1 . ( 1 'M  1 1 
'“II.  Makino.et  al.  A.l.P.  Conf.  Proe.  18.  80.  ( |97.f) 
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TABLF:  1.  Bi  GARNIT  mi;lts 


('oiicontralic'iis  iti  millimolos 


Mdt 

lOS 

4:b 

l.M) 

151 

\b\  1) 

1<>3 

Bi^O, 

10’’ 

1x6 

9b 

l‘)0 

241 

215 

I’h  () 

477 

954 

( lil  T ()  ^ 

15 

5.3 

I 'c-,  (.):, 

:u  (>o 

27 

5X 

10: 

53 

4‘) 

Mm  O3 

3 5 

4.3 

1.5 

5.1  1 

5.2 

Ttn  -)  O3 

3 

Ah  O3 

3.2 

Na-,  0 

9.b 

X.5 

X 


IIk'  sul'strati.'.  rallicr  tlian  siipporlini!  tlii.'  liipli  tonsilo  slrain  of  an  in-plaiK’  match.  I he 
rosiilliii!!  lattice  itnpcrtcctions  make  tite  ma.unetic  properties  ol' sucli  resrion  II  nims 
imsuitahle.  1 ikewise,  films  irrown  at  temperatures  lower  than  I050°('  have  such  a surplus 
ot  I'ismutli  sulwtitution  that  t'ilms  .urow  with  iti-plane  lattice  lareer  than  that  of  the 
substrate,  rather  than  supporting:  the  liis:h  compressive  stress  ol  reuion  I tirowth. 

l .illice  p.ir.nneter  difference  measurements  were  made  by  diftraclion  with  a Ka 
copper  \-r.i\  be.m..  Rockini:  curves  were  taken  lor  the  (8.8.X),  (0.8.8).  (4.b.6).  ( 12.8.0). 
.ind  (12.(>.0)  dilTraction  planes,  llie  difference  in  diffraction  angles  for  each  diffraction 
plane  gi\es  a linear  relation  between  the  in-plane  and  normal  lattice  mismatches. 


Note  that,  with  the  exception  ol  One  borderline  data  point,  all  the  films  in  1 igure 
have  a smaller  lattice  in  the  direction  normal  to  the  substrate  than  parallel  to  the  plane. 
This  means  that  at  room  temperature,  where  the  dal.i  was  taken,  all  the  films  are  under 
tension.  Ihis  occurs  because  the  coefficient  of  expansion  of  the  film  is  larger  than  that  :>l 
the  substrate. 


Figure  4 shows  Aa^  vs.  temperature  tor  two  films  from  melt  108.  The  therm.il 

expansion  measurements  were  taken  In  mounting  a nuxlified  L'ngar  #40.^*!  Healing  Unit 

on  the  Nonius  euceniric  miniometer.  1 he  differential  thermal  expansion  coefficient  can 

be  computed  trom  these  curves.  Aev  = ^ ^ where  Ti  and  Fs  are  tempera- 

ill  1 2 1 a ' 

tures.  Fhis  large  differenli.il  exp.insion  coefficient  causes  all  melt  .‘\  films  to  be  under 
tension  at  room  temperature,  even  films  grown  at  the  compressive  limit  of  region  1.  Fhe 
films  in  figure  4 were  grown  in  region  I and  sluiw  a ilifterential  coeflicient  of  expansion. 
Ao.  of  3.3  X 10  l’/“lx  in  the  range  from  23°  to  .x00”C.  Fhe  corres|ioiuling  value  for  't'KI 
on  (KKi  is  2.0  x 10  l''°K  in  the  same  range,  based  on  the  work  of  (ieller  et  al.^'^  The 
Ao  for  the  melt  108  lllms  over  the  temi'erature  range  23°C  1060°C  can  be 

estimated  by  atiding  the  strain  limit  ol  .Makino  el  al'  ' at  the  lower  eiul  ('f  region  I to  the 
observed  Aa  at  room  temperature  <’1  0 018  the  result  is  An  - 3 x 10  ^'^°K  over  the 
a'gii'ii  23"('  I IObO°C.  Fhe  corres|ioiuiing  ilifferenee  between  bulk  >'l('i  crxsials  over  the 
same  temperature  range  is  1.2.^  x 10  At  the  time  ol  this  writing,  it  is  not 

est.iblisheil  whether  the  higher  differential  dilation  ol  the  F.IM  . films  as  opimsed  to 
that  ol  the  bulk  crxstals  is  due  to  the  aildeil  bismuth.  However,  the  ilifterenee  in 


•"'S.  Celler.  el  al.  Mat.  Res.  Hull.  12H>  ( l‘>72) 
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cocUicioiU  ol  expansion  between  tilin  ami  sulsslrato  is  larjae  cmni>;li  lo  crack  llic  lilins. 
proviilcil  the  I'tlm  thickness  exeeeils  one  micron,  aiul  iiuleeil  all  the  t'ihns  in  l igure  ? are 
cr.ickctl  I'ncrackeil  melt  lOS  lilms  raipmni:  in  tliicknecs  Irom  It)  lo  .>()  micronc  were  crown 
previoiisic  on  elacticall>  ilerormahle  (KK  i suhstrates  Ihmneil  to  10  microns  h\  Sv  ion 
pohshmc  aiul  phosplioric  etchinc. 

In  onler  lo  overcome  tlie  tliermal  crackinc  prohlem,  a low  temperature  melt  was 
soucht  to  decrease  the  excursion  Irom  crowlh  lo  room  tem|x'ratiire.  I'liis  melt,  melt  42M 
of  Table  1.  has  a low  enoniih  saturation  teni|vratua’  .so  that  crack-free  repion  I llhns 
were  obtaineil.  ( unes  ol  Aa^.  Aa^^.  aiul  Aa  versus  jtrowth  temperature  are  shown  in 
l icure  Recion  I spans  '’05°('  to  7.S.‘'''C  aiul  is  limiteil  on  the  high  eiul  h\  the  satura- 
tion temperature,  l ilms  grown  at  the  low  temperature  eiul  ol  region  1 are  nearly  strain 
tree  at  room  temperature.  Ihermal  dilation  curves  for  two  melt  H films  are  plotted  in 
l igure  4:  the\  are  similar  to  those  of  melt  A lilms.  I or  Ihe  two  melt  42U  films  Aa  = .^.,'^0 
X 10  over  the  range  2.7‘T’ < T < 500°C. 

Ihe  principal  precipitate  from  melt  4213  is  an  unidentified  non-garnet  ervstal.  I'he 

h thickness  ol  L.IM  . garnet  111ms  grown  in  melt  42B  is  limiteil  by  the  formation  ol  this 

I 

i precipitate  m the  melt.  I'hus  13isO^  melts  do  not  lend  themselves  to  growth  of  strain-free 

dellector  cr\slals. 

C.  Hi  sO,  - I'bO  Melts 

■ - 

Next  a seiiuence  ol  Hi-,0^  - I’bO  melts  were  investigated.  Melts  l ,s()  and  1.11  of 
lable  I are  the  two  which  represent  the  end  members:  Melt  1.10  is  a (Hi  lin ) (l  e(Ia) 
garnet  melt.  Ihe  si/e  ol  Im  is  such  that  at  a Hi  substitution  level  near  one  atom  per 
foimula  a puie  non  gainet  film  would  not  match  the  lattice  constant  of  (idd.  So  (ia  was 
.uided  to  the  melt  to  reduce  the  film  lattice.  .Melt  I.H  is  of  the  HiYbKi  type. 

l igure  ()  shows  lattice  constant  data  lor  films  from  melt  1.10.  Tire  data  is  badlv 
scalteied.  Nevertheless  the  interval  700°C  to  750°C  is  included  in  region  I.  and  in  this 
Intel val  some  films  .ire  strained  compressively.  Actually,  the  films  themselves  were  ol 
I'oor  uniloimily  whuli  explains  some  of  Ihe  scatter  in  F'igure  b.  Ilie  thermal  misinalch 
measiiied  loi  two  melt  ('  lilms  is  1.7  \ 10  ^’/°K  and  2.2b  x 10'^’/°K  in  the  2.3'’C  to 
1(10  ( laiige . 
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I'igiirc  7 shows  lattico  cotistant  data  lor  mdl  I 51  films.  Ki't-ion  I indiulcs  ^(K)  ( to 
75()'^C.  At  tlK-  low  tompcraliiri.’  end.  the  films  are  nearly  strain-free.  I hermal  mismateli 
data  for  two  melt  I 51  films  are  Aa  = 2.H2  aiul  5.14  x l()'^’'“K. 

'Puis  the  low  temperature  BisO^  - I’hO  tnelts  do  produee  strain  tree  films.  Mux 
adhesion,  when  it  oeeurs  with  these  melts,  does  not  seem  to  damaee  the  lilm. 

1).  Bismuth  lonie  NasO  Melts 

Several  solvents  eoukl  he  mixed  with  BisO;  to  make  a low  temper:iture  melt.  Pie 
systems  of  BisO^  - NasO  and  BisO^  -KsO  were  examined  in  detail. 

Figure  8 shows  thelii|uidus  eurve  oldained  for  BisO:^  - NasO.  and  Figure  h shows  a 
similar  eurve  for  BisO^  KsO.  In  eaeh  eurve  there  is  a low  temperature  region.  50()°C  to 
hO()“C  tor  ionic  oxide  eoneentrations  ot  .2  to  ..V  So  the  hismuth  ionic  mixture  ought  to 
he  a useful  low  temperature  solvent.  A eomparison  ot  ionic  radii  is  given  in  Table  2. 


FABl.F  2 

VIII  Ml 

K+  l.h5A  1.74  A 

Ba'^’^  1.5hA  1.74  A 

l’h'^+  1.45  A I.6.MA 

Na'*'  1 .30  A 

Bi'^+'^  1.25  A 

Since  the  sodium  radius  is  intermediate  to  Bi'^'*”^  and  Ph"'”'’.  it  is  entirely  possible  for  Na'*’ 
to  substitute  into  the  garnet  lattice.  Tire  radius  ol  K’*’.  on  the  other  hand,  is  larger  than 
that  of  Ba'*”^;  and  the  larger  Ba"'"'’  ion  does  not  substitute  into  the  garnet  lattice. 


Tire  experimental  results  with  the  bismuth  ionic  melts  are  that  strain  free  lh>  bF'e(>a 
garnet  and  BiYbF'eAl  garnet  crystals  can  be  grown  in  BisO^  - .04  NasO  melts,  l ilms  of 
BiYbf'e  and  BiLuJ'e  garnet  can  be  grown  only  with  difficulty  in  the  BisO^  - KsO  s\slem. 


' “^Shannon  and  Pruitt 
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I'ho  l.illia'  consl.mt  djl;i  Ibi  lilinslrom  IIk'  -0.04  N.ibJ  melt 

I (ill)  is  shown  in  I'liJine  I 0.  Ko!:ion  I ineliules  ;ill  of  Ilie  films.  It  is  ele;ii  llnil  stiain  liee 
.Is  well  ;is  ei)in pressiveh  strnined  er\st;ils  were  erown  in  this  system.  Note  that  the  stiain- 
Iree  growth  tempeiatuie  is  Melts  42B  amt  l.^ll)  piocliieeil  stiain-liee  si\stals  onK 

•It  the  extreme  edire  of  Rejaion  I and  at  temperatures  well  helow  X(i4  ( “'(i.x  I loi  melt 

42H,  .iiul  ’’OO  ( lor  melt  I'll). 

I Ite  tliermal  misiiiateh  data  for  two  melt  l(tll)  films  is  .An  = .iiid  ‘'.44  s 
lO  ‘V°K.  riiese  \alues  exeeed  the  Aa  values  for  melt  42H  and  I5I  Ihiis.  whether 
or  not  a erystal  is  strained  at  room  tentperature  is  rletermined  by  tite  ei'inp''siti''n  •!  t 
melt  as  mueh  as  the  thermal  mismateh  .ind  erowiii  temjx'iatuie  Appaienil>  a sivsi.ii  td'.- 
erowme  m a BisO:;  - NasO  melt  ean  support  more  errmpressive  stiam  while  m.iintaimne 
Aa'^=  0 .\nother  way  of  saying  this  is.  as  the  eompressive  strain  ol  a growing  trim 
beeomes  larger  and  larger,  it  is  energetiealK  more  (.lilTieult  lor  an  atom  to  be  boiuled  to 
the  film  as  opposed  to  being  in  the  melt  NasO  wlien  added  to  the  BmO:;  melt  tends  to 
make  the  slate  of  being  bonded  to  the  growing  film  eneigetieally  moie  lavoiable  I his 
result  e.in  probably  be  geneiali/ed  to  inelude  BisO;  I’bO  mells.  I'urlhei  moie.  it 
probably  applies  trr  othei  erystal  growth  systems  .is  well. 

rile  BisO^  NasO  system  worked  best  at  only  4 N.isO.  (irealer  amounts  ol  N.isO 
made  the  garnet  ph.ise  less  stable.  .Sever.il  other  eivstal  t>pes  pereipit.ite  outside  ol  the 
ver\  narrow  garnet  region.  ,\ttempts  to  ideiUifs  the  eiystals  were  unsueeessful  sinee 
.ibsi'hitelv  no  pe.iks  showed  up  in  powder  diffraetion  measurements  I’reeipitate  eiyst.iK 
of  similar  eolor  .md  h.ibii  turned  up  in  the  BmO,  Kb)  svstem.  and  in  several  other 
s\  stems.  I lux  .idhesion  oeeured  in  the  BisO'^  NasC)  melt,  but  diil  not  seem  to  ilam.ige 
the  film  to  .iin  extent. 

In  summ.iiv,  sii.im-free,  eraekdree  Bi  e.irnet  lilms  weie  obtained  from 
Bi'O^  Na-iO  .md  BisO:^  I’bO  melts.  I'he  det.iils  of  melt  eomi'osilion  .lie  as  impoii.iiit 
as  the  growth  temper. itiire  .ind  thermal  misniateh. 

Melts  ol  BisO,  BsO,  - NasO.  BisO^  BaO.  and  Bi  sO , B.iO  V sO^  weie  tested 
lor  BiN’blO  eryst.il  growth.  Multiple  phases  olten  oeeurred  ami  w henever  the  garnet  phase 
dill  oeeiir  il  w.is  stable  only  over  a very  n.iriow  lange.  Compared  to  BisO^  NasO  .md 
BisO:;  - I’bO  these  oilier  melts  are  not  suited  foi  defleetor  erystal  prepai.itioii 

I 4 


OllKM  BmO?  Melts 


The  systent  was  investijjalcil  for  BiYirKi  I.IM  . Tlie  Bis()^  - BsO^ 

sNsK'in  ei'tisisls  ol  a series  of  5 eiiteeties. ' tlie  first  ot  whieh  oeeurs  at  (i22°C.  (See 
level  et  al  I’hase  Diai;.  I'or  Ceramists  I'ig.  323.)  I'luis  it  was  hopeil  that  I ) a low  urowtli 
temperature  of  700  - ,S00“C  eouki  he  ohtaiiieil  aiul  2)  in-plane  mateli  eoiikl  he  aehieved 
incr  a eonvonient  temperature  rantie,  eii.  2.^°C, 

The  method  is  to  add  BsO^  to  a BisO^  garnet  melt,  and  then  add  YhsO^  to  hiing 
the  melt  haek  to  a garnet  phase.  The  results  ean  he  summari/.ed:  a base  or  starting  melt 
of  I3.S  mm  BisO^.  51.5  mm  F-'esO^.  and  4.5  mm  YhsO^  produced  garnet  crystals  at 
d"'0°('.  To  this  melt  BsO^  and  YhsO^  were  added  in  stages  so  that  the  final  melt  is  135 
mm  BisOi.  2S.72  mm  IfsO^.  51. 5 mm  F'esO:^,  and  11.5  mm  YhsO^.  Crystallites  grown 
at  040°C  weie  .\-rayed  and  found  to  have  a lattice  constant  of  12.360.  nuts,  the  crystal 
contains  ^ .<S  Bi  per  formula. 

The  main  features  of  this  system  are  1 ) reduced  growth  temperature  for  a given 
amount  of  hismuth  suhstitution.  2)  increased  flux  adhesion  due  to  the  glassy  nature  of 
the  Hux.  This  system  does  not  appear  to  offer  any  suhstantial  advantage. 
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SIX TION  III 

( KYSI  AL  ni AR  U Tl  KI/M  ION  SUMMARY 


A.  \k\ismviiK'nt  ol  \lat;iK'lo-()ptK'  X’ariahk's 

Data  on  I'aiaXay  rolatii'ii.  I ; alisorpiion,  M:  thioknoss;  inai!ni.'tii.’  moiiK'nt.  4ffM.  and 
aiiislropN.  llj^  wiMi.'  oblainod  Tor  Hi  uaniot  ^.'isstaK  Imni  livo  diltori'iil  ol  molts 

I'ablo  1.  IIk'  oiAstals  aiul  tlio  molls  usod  lor  tho  orowlh  ol  Ihoso  or\stals  lorm  an  o\olu- 
tionary  soqiionoo  whioh  woro  intondod  primanK  to  show  oxponmonlalK  how  to  obtain 
untraofiirod  and  strain-t'roo  liuht  dollooior  or\staK,  Iho  molts  and  orysials.  as  such,  aro  not 
suH'ioiont  to  oonstiUito  tho  oomplolo  sol  id’or\sials  nooossaiA  to  siooiU  tho  rolalioiiships 
botwoon  XttM.  Ilj^,  b,  H.  aiul  bisimilh  oonlonl.  I'luis.  mapnoto-opiio  data  loprosonls  proo- 
ross  mado  toward  dovohipino  iho  bisimilh  parnot  orvstals  I'oi  boam  stoorini;.  Iho  most  im- 
portant cpiantitios  aro  I and  H sinoo  tho  bisimilh  substiuition  is  intondod  to  inoroaso  Iho 
l araila\'  lahation  but  lu'l  Iho  absorption.  In  oialor  to  iiol  spooit'io  rotation,  (doy  om  I.  and 
absorption,  (db  cmi,  tho  oiystal  thioknoss  must  bo  moasuroil.  This  is  doiio  In  intorloro- 
moiiA  In  utih/iny  tho  iiulos  ol  rotraotion  disoontinmt\  al  tho  oiAstal  siibsirato  mtorlaoo, 
Intort'oronoo  data  is  obtainod  by  visual  miorosoopy  m-  alloi nati\ oly  by  Hookman  DKll 
Spootroyraph  plots. 

B 1.0(1  /am  MayiioloX  )piio  1 I tools 

Iho  moasuroil  l arailay  rotation  ol  sovoral  bismuth  \'tiorbium  iron  yarnol  oiAslals  is 
shown  in  lablo  .V 
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LSI 

Hil’bO 
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I wo  oNsl.ils  in  llio  NaAl  uroup  luivi'  1-  > 3()()0'7an  which  ic  the  poal  loi  hisimiih 
jaanuMs  virowii  on  siilisUatcs.  l attice  matcli  and  47tM  measurements  ol  the  \a,\l 


ci'iiiaimne  ciwstals  indicate  the  lariie  H'talions  are  prohalik  due  to  their  enhanced  liisimith 
concentration  which  e\cecils  one  atom  per  torimila  compared  to  .S  atoms  per  lormula 
lor  the  rest  ol  ihe  ciAsials  m lahle  d.  I'he  ilepeiulence  ol  I on  soilium  which  ma>  he  m 
the  ciAsials  and  alummmn  which  is  in  crystals  I04S,  1050.  anil  1052  is  not  known. 
Mummum  suhsiitution  ouuht  to  reduce  I . The  \arialioii  in  h Irom  ci\stal  to  ciysial  is 
due  p.iillc  to  me.isuremeni  error  m determining  Ihe  amount  of  rot.ilion  ol  the  laser  beam 
■IS  It  passes  ihroui;h  the  ciystal  and  Ihe  crystal  thickness  error.  The  1 ,0()  imi  optical 
.ibsorplion.  M.  ol  ciAstal  I04S  and  1052  is  not  accurate  because  their  siirlaces  are  not  ol 
sulticieni  opiic.il  i|U.ihl>  . 1 aree  v.ilues  ol  I at  I .()(>  jj\n  ouehl  lo  be  consisienl  with  low 
.ibsmption  .It  this  w.iveleneth. 

Ihe  most  mierestmu  p.irt  ol  the  spectrum  lor  earnet  mapnelo-opiic  .ipphcalion 
includes  ihe  I /am  rejmm.  \l.iimelic  uarnels  have  an  optical  transmission  window  Irom 
I /am  lo  “ /am  w.oeleneth  which  includes  several  l.iser  wavelenjtihs.  I or  ex.imple.  \d  't  \(  ■ 
l.ises  at  1.0(1  /am.  .ind  lle-Ne  lases  .it  1 . 1 5 /am.  The  1 .0(>  /am  absorption  coellicienl  ol 
IliddKi  bulk  crvsials  h.is  been  reported  to  be  .is  low  .is  lO  db  cm,'^  So  when  the  low 
absorption  is  combined  with  the  laree.  .i()007cm  I aradav  rotation,  niagnelo-opi ic 
elTiciencies  of  .M)0  7db  should  be  possible.  Ibis  is  equivalenl  to  a ()..'  db  insertion  loss 
with  0()  rolatioii.  \bsorplioiis  of  even  100  db  cm  .ire  acceptable:  ‘<0  ol  rot.ilion  results 
in  .1  db  insertion  loss.  We  have  discoveretl  Ihe  1.0(i  /am  absorption  coelTicients  ol 
epitavial  lii-earnet  crystals  arc  h.-eher  lhaii  Ihe  10  db  cm  bulk  value.  .Absorption  coelli- 
cients  ol  100  to  1000  ilb  cm  at  1 .0(i  /am  were  measured.  Accimhiielv  we  h.ive  soueht  an 
explanation  ol  1 .0(i  /mi  absorption  based  on  the  band  theorv  of  semiconductor  solids. 

iron  srarnets  tvpicallv  have  a band  p.ip  ol  2 - .i  ev  as  evidenced  In  the  sirone 
absorption  b.iiul  ,it  5000  A w.ivelenelli.  .iiid  have  valence  + caluuis.  Monov.ileni  or 
divalent  cation  impurities  such  as  ( a++.  I’b++  create  acceptor  stales  whereas  telraveleni 
or  pentavalenl  cation  such  as  Si“^+  create  donor  state.  Oxyiren  vticancies  create  donor 
si, lies.  Several  expermienis  were  perl'ormed  I I Seebeck  measurement  lo  establish  maiorilv 
c.irrier  tvpe  and  conductivity  vs  temperature;  2)  annealiiii;  m oxyuen  lo  remove  oxveen 
vacancies.  .^ ) resistivity  ,md  absorption  versus  temperature  was  measured.  In  additii'ii. 
chemic.il  impuriiv  an.ilvsis  measuremeiils  via  speciroscopv  aiul  electron  microprobe  were 
imli.ited. 
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Ilk'  in.im  inirposi.'  ol  tlk’  Scolukk  iiUM>.uionK'iU  is  lo  osijhlisli  iIk'  m.iioiity  i.iiikt 
I\l'o  ti'i  o;kli  lilm.  This  m turn  cmh  In.'  iisod  to  vnnlv  tlk'  dk-inii.,il  iin|nuii\  mousuiv- 
mnut.  In  p.irtkuhir.  oxvitnii  \;k\inck-s  cunnot  he  ine.isuieil  ilii'\li\.  hut  Seeheek  measuie- 
nients  eomhinoil  witli  o\\j;en  atinosplk'ie  anikMinu;  luilkates  tlk  extent  ol  iix\i:en  \aean- 
etes  I he  maioiaty  earner  nteasurenreirt  ean  also  he  usevl  to  vletemime  the  triesenee  ol 
peniavaleni  hisnuilli.  Ih^^.  wlneli  kouUI  he  a ilonoi  I he  Seeheek  \oltaee  measutenieni 
\ras  perlonikkl  In  healine  t'lte  ol  luo  eleelrieal  eoniaels  on  llie  lilin  In  liehl  loeuseil 
liom  a 5l)()  W lunesien  hulh.  I he  roltaiie  pia>ilueeil  h\  mieralii'n  ol  inaioritv  earnes  m 
ihe  iliennal  eraUieni  helween  the  eontaets  nas  measureil  uith  a Keithly  ()I0  eleetn'meter. 
The  eoniaets  were  hc|uid  Intia  solder  wluelt  was  prepared  In  nieltme  the  twi'  metals  on 
a hot  ['late. 

\ simple  system  was  developed  lor  annealmi;  earnet  lilms.  tuhe  lurnaee  was  useil 
wiih  a tuhe  d:  leel  lone  and  I'l  melt  m ihameler  with  an  aetive  heatine  leneth  ol  a|'- 
proximaiely  ('  mehes.  Ihe  lemperalure  ol  ihe  oven  was  siahili/erl  hel'ore  the  garnet  film 
samples  were  inserterl  Ihe  garnet  lihns  were  ['laeeil  I'li  small  platinum  boats  which  were 
slowly  moveil  along  the  tuhe  to  the  aetive  lurnaee  section.  Insertion  aiul  removal  time 
were  I s in  .h)  mmiiles  to  mmimi/e  thermal  stresses.  I ('r  almosphere  conirol  a loosely 
lilted  plug  with  an  ini'ui  gas  line  was  ai'plied  lo  one  eiul  ol  Ihe  rurnace  tulie.  Hie  other 
end  of  the  lurikke  tuhe  was  titled  with  a hallle  lo  smooth  the  gas  How. 

Ihe  results  ol  annealing  three  crystals  m oxygen  are  I'lesenled  m lahle  4.  Only  in 
ervsk.l  lO't  is  there  a slight  shill  Iroiii  n lo  p type,  Ihus  oxygen  vaeaneies  which  are  re- 
moved hy  annealing  vio  lu't  ilonimate  the  eleelrieal  type.  Hie  annealing  was  aeeompanieil 
hy  a rediieluni  in  ahsorption  eoell'ieieiil  m lilOS  and  l()v).  However,  Ihe  final  ahsorption 
IS  very  large  eomp.ired  lo  vvhal  is  rei|uired.  I vnlenlly  oxygen  vacancies  rio  not  iloniinate 
Ihe  ahsorpiitm  process. 

( henneal  analysis  revealevl  amounts  of  ( a m holli  the  crystals  aiul  starting  material, 
and  we  were  unahle  lo  remove  it  hy  hydroxiile  reaction  preeipit.ile  leehnicjues.  Crystal 
in  is  a vluplieate  ol  1014  except  that  it  was  grown  in  a high  [nirity  melt  in  whieh  Ihe 
st.irtmg  malen.ils  are  pure.  I'nexpectedly . Ihe  ahsorption  of  crystal  1 1 7 is  more 

ill. Ill  twice  that  ol  1014.  lahle  5-  Ihus.  low  ahsorption  rei|Uires  more  than  starting 
ni.iteri.il  purity 
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I Ik'  iiKMMiri'MK'iiI  ol  rosisti\  it\  lor  various  vrv  slals  is  show  n in  'laNv  5.  Wc  nia\ 
cxpvlI  that  absorption  would  vorrvlalv  with  rosisiiN ii\ . I'liilopod  or  portVvIlv'  vompon- 
satvd  v'lVstals  ouiilil  to  Itavo  low  absorption  and  luirliov  rvsistivitv  . Ilowovor,  this  pattvrn  is 
not  ovidvnt  Whilo  crvstal  1014  lias  tho  svcoiul  lowest  absorption  and  hiuhest  rosistivit\. 
ervstal  100  has  the  third  lowest  absorption  but  the  seeoiul  hijihest  resistivitv 

I he  al'sorption  ei'et  tieient  values  are  somewhat  uneertain.  I'hev  depend  on  aeetirate 
measurement  ol  the  ineulent,  relleeted.  and  transmitted  power  and  Him  vpiality.  The 
situation  Is  eompheated  b\  the  absorption  losses  whieh  oeeur  while  the  lieht  underjioes 
multiple  relleetions  inside  the  niin.  The  multii'ile  relleetioiis  are  a result  ol  the  t'llm  air 
interlace  and  the  I'ilin  substrate  interlace.  It  the  index  of  retraction  is  known  lor  each 
medium,  then  tr.msmilted  Iraction.  I.  is  eiven  b\ 
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whore 


K = "M  - 

( n I + n -« )- 

\lo;isuromotit  ot  n •«  h\  HrowNtor's  anulo  ;in  tlotortnmoi.1  h\  the  pol.iri/Jlion  mollioil 
sliows  tlial  the  film  index  rariex  frcmi  film  to  film.  1 urtliermore.  tlie  film  thiekuess  must 
he  measured  precisely.  This  is  done  in  interference  Inn  rei|iiires  knowled.ee  ol  the  index 
ol  retraction,  hor  these  values  ol  I.  \vc  hare  used  K = .14  or  measured  the  rellecteil 
intensitv  . I he  eeneral  result,  that  at  least  some  ol  the  cry  stals  have  ahsorptum  coel  ficients 
near  or  helow  a useful  value  of  101)  dh  cm,  will  he  unaffectei.1  In  hetter  ahsorplion 
measurements. 

In  the  process  of  measuring  resistivity  , the  photo-coniluctiriiy  ol  each  tilm  was 
checkcil.  In  tlie  case  of  (KiC.  suhstrate  crystals,  the  photo  respoiisi.  was  strone.  Ilowerer. 
no  film  exhihited  photo-conductivity.  1 rom  this  we  conclude  that  the  electixmic  transi- 
tions which  causes  ahsorption  are  ones  with  non-coiuliictms:  or  localized  t'inal  states,  such 
as  excitons. 

rite  variation  of  resistivity  with  temperature  was  measured  for  several  crystals,  l ow 
temperature  measurements  were  achieved  In  coi'lint:  the  crystal  in  a Cryouenic  Tech- 
nokrgy  cooler.  High  temperature  measurements  were  obtained  via  a hot  plate.  1 he 
resistivity  versus  temperature  curves  are  those  ol  cmnpensated  semiconductors  with  an 
extrinsic  region  at  low  temperatures.  T < lOO^K,  ligure  I I shows  I’  vs  fl  for  crystal  1()‘). 
.\t  the  same  time  ahsorption  versus  temperature  was  measured  vs  I.  1 he  resistivity 
changes  hy  P orders  of  magnitude  with  activation  energies  of  ..^1  ev  aiii.1  ..s4  ev.  The 
ahsorption  is  temperature  iiulependent . Ihereliue.  ahsorption  is  not  proportional  ti.)  the 
coiuluctivity.  So.  the  ahsorption  process  iloes  not  involve  transitions  hetween  two  conduc- 
tion hand  states.  Ihe  large  variation  of  resistivity  indicates  that  the  donors  aiul  acceptors 
are  not  close  to  the  hatii.1  eilges.  In  crystal  !()')  the  numhcr  ol  coinluction  carriers  varies 
rapully  with  temperature.  File  possibility  lor  locah/eil.  haiul  gap  state  transitions  does 
exist.  Ihe  complete  treatment  ol  Ivand  gap  slate  transitions  rei|uires  chemic.il  iminirity 
data  which  are  not  available  and  analysis  of  structural  defect  stales.  ( ompletc  tr.ms- 
mission  spectra  were  obtained  with  a Heckman  DKIl  instrument.  Ihe  transmission  is 
leatureless  aliove  the  hand  edge  lor  all  ot  Ihe  crystals  examined,  figure  12  shows  the 
transmission  curve  tor  crystal  I4S. 
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lo  Mimmari/c  iIk'  imosligation  ol  the  optical  absorption  mcclianiMii.  the  most 
probable  cause  is  electronic  transitions  ainone  locali/eil  states  in  the  baiitl  eap  I uriher 
treatment  is  rei|uired  to  lully  imderstaiul  the  orirtins  ol  absorption 

I'he  most  recently  grown  crystals  are  BiLuKI  on  (KK'i  substrates.  I.u  was  chosen 
because  it  is  the  smallest  rare  earth  and  so  more  Hi  can  be  substiluleil  into  the  cr\stal 
and  because  I.u  invariably  is  a Irivalent  cation.  ( 'i  b can  be  either  di\alent  or  imalentl. 

Several  rd  the  twenty-live  crystals  prepared  from  a HmO^  I’bO  melt  similar  lo  I.SI  have 
absorption  eoellicients  near  100  ilb  cm  iiul  several  crystals  appear  so  transparent  that  Mie 

absorption  could  not  be  measured.  Table  b gives  absorption  together  with  Seebeck  voltage  j 

and  resistivity  lor  the  Hil  uKi  crystals.  .\t  the  time  (d  this  writing  we  are  iddaining  micro-  | 

probe  ehemical  analysis  to  determine  whether  the  variation  of  absorption  is  due  to  | 

impurities.  : 

I 

|; 

('.  .A  Taraday  Kotalion  and  .Absorption 

!■ 

lable  ^ shows  T,  H aiul  t'/H.  the  t'igure  ol  merit  lor  cryst.ils  ol  (Hi't  b)^  (T'e(la)j^  0|  s 

Irom  melt  I .s()  and  ol  (Hi't  b)^  (Tet.^  ()|  s Irom  melt  151.  both  His  ■ l*b()  melts.  It  i 

also  gives  data  lor  (Hi'i'b)s  (Tedal^  ()|  s Irom  melt  IblDaiul  (Hl^'b)s  (Te.AI);;  0|  s Irom  !| 

melt  both  His  Os  \a  s ()  melts  at  (i.s^S  A wavelength.  I'he  bismuth  garnet 

crystals  Irom  melt  !(>.'  have  the  very  large  Taraday  rotation  desireil.  Tor  comparison.  t 

the  rotation  <d  ^ 1(1  is  about  .dlOO^/cm.  The  rotation  ol  I'ilin  I04<S  and  1052  is  nearly  j 

ten  times  that  ol  ^ l(i  As  m the  case  ol  I ,()(i  /am  results,  the  Hi^'b  T'e.AI  (i  crystals  have  | 

the  largest  I arailav  rotation  ji 

Ol  lundamental  importance  Irom  an  application  point  oT  view  is  the  o|dical  ligure  | 

ol  merit  ~ Hecause  there  are  lour  distmcl  compositional  groups,  the  easiest  way  id  | 
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makiii;j  compari^on^  is  In'  takini!  tho  avoraiio  valiio  ol  — lor  i.\it.li  jiroup.  Ihis  is  talnilakal 
holow  III  iabk'  S. 


I\HI1  S. 

.Sample  (Iroup 

Type 

l-VB 

1001-1021 

Ui-(i'a  doped.  Pb  llu.x 

.74 

102-104 

Bi-da  dopcil.  Na  llu\ 

1 ..4S 

1004-1020 

Bi  doped.  I’b  llu.x 

l.ol 

I04.S- 10.44 

.\l  doped.  Na  llux 

2.14 

riio  I ()()‘^)-l 020  aiul  I04S-1054  eroiips  show  an  avoram'  liguiv  of  nu-rit  that  is  somewhat 
lariier  than  tor  garnet  siroiips  1001-1021  aiul  102-104.  One  observation  is  that  a sodium 
lliix  system  improves  the  I'aradav  rotation  more  than  it  worsens  the  absorption.  I'lirther 
investigation  needs  to  be  done  before  eonehuling  that  ^odiiim  augmented  melts  are 
superior  to  lead  melts. 

1).  Magneti/ation  and  .\nisotropy 

The  starting  point  tor  magnetie  eharaeteri/ation  ol  magnetic  optie  garnet  films  is  the 
determination  of  the  magnetie  moment  per  unit  volume  of  the  material.  Knowledge  of 
4ffM  is  basie  to  the  understaiuling  ot  the  deniagneti/ed  or  stripe  viomain  st.ite  ol  iron  garnet 
thin  lilms  beeaiise  it  iletermines  how  light  will  be  delleeteil  and  how  the  i.lonuiins  will 
respond  to  applied  magnetie  fields. 

I igure  14  is  a pictorial  ol  a typical  bismuth  substituted  vtterbuim  iron  garnet  thin 
film  as  seen  with  a polarizing  microscope.  If  a small  magnetic  field  is  applied  normal  to 
the  platelet  one  set  ol  domains,  say  the  light  set.  grows  by  wall  motion  with  respect  to 
the  other  set.  .-\s  the  lieki  is  increaseil  the  dark  set  of  ilomains  dimmish  in  width  until 
they  appear  to  be  simply  lines  as  shown  in  I igure  14.  .\  slight  further  increase  in  field 
spontaneously  causes  the  lines  ti>  break  up  into  segments  and  as  the  applied  field 
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1,'oiuiiuu's  to  mavaso  tlio  si.'i>meiUs  shrink  to  nice  slahio  Inihhlos  as  shown  in  l igtirc  15. 
rius  process  is  soiiK'whal  similar  to  tltc  hulihio  uarnct  matorials.  rhcrc  is  one  tlillerenee, 
however,  and  that  is,  tltat  tlie  Inihble  fi.irnets  require  an  adilitional  lielrl  to  more  elTi- 
eiently  cause  the  tliin  lines  to  hre.ik  up  into  seinnents.  It  does  suufiest,  thoueh,  that  the 
huhhle  state  of  both  stripe  domain  ,md  bubble  jiarnets  can  be  eharaeteri/etl  by  similar 
theory.  Since  teehniques  have  been  developed  lor  measurmi!  the  maimeti/ation  in  bubb!.' 
lilms  it  was  reasonable  to  extrapohite  those  leelmii]ues  ti>  the  determination  ol  drrM  in 
stripe  domain  .uarnets.  I ortunatelv  the  theorv  of  bubble  mauneti/ation  can  be  simpliried 
quite  a bit  tor  stripe  dom.iin  maeneti/ation  as  the  lolknvinj:  analysis  will  show. 

One  parameter  of  special  interest  in  bubble  work  is  the  material  lenvith.  X,  ilelined 


where  n = the  w.ill  eneruy  densitv’ 

,mJ  \J,,  = llie  \,;liir.inon  mayneli/ation  moment. 

M.ienet i/.it ion  curses  lor  various  values  ol  X with  respect  to  lilm  thickness  h.ive  been 
calcul.ited  .iiul  these  curves  show  that  when  X is  very  much  smaller  than  film  thickness 
the  tollowine  equ.ition  m the  apivlied  liekl  is  relevant; 

^ = II 

M,,  drrM  ' 

or  simply  47tM  erpick  the  applieil  liekl.  II.  I his  is  a remarkable  result  aiitl  sugjiests  an 
easv  way  ol  measurini:  drrM  provided  that  X can  be  shown  to  be  much  smaller  than  thick- 
ness m stripe  domain  earnels.  Startini:  from  the  equations 
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.mil  o = ( 2 A 1 1|^  M ) ■ , 
.mil  li'ttinu 


ll|^  = 100  Oi'  = :i?iisoOop\  lii'lil 
M = 100  Oi' 
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tliiMi  lor  sli  ipo  iloiiKiin  l ilms  A ~ I 0 ~ miii('ns.  Typical  film  thickness  is  ahoiil  5 microns, 
so  that  A is  about  500  limes  smaller  than  thickness.  This  is  sulTicienlly  close  li'  the 
lheorelic.il  straighl  line  magneti/ation  curve  of  reference  lb  to  lustily  takiiie  47tM  as  the 
normal  fielil  necessary  to  just  saturate  a film. 


Because  of  this  conclusion  the  .ipp.iialus  ot  Tieuic  I (i  was  construcleil.  Hie  sample 
to  be  lestcil  is  I'laceil  insiilc  the  an  coie  solcnoiil  that  is  w.itei  or  perh.ips  sle.mi  cooled. 
The  coil  consists  of  2^5  turns  of  10  ijauee  coppci  m.i'uicl  wire  anil  is  capable  of  sup- 
portinii  a field  of  I^OO  oersteds  with  eMstini;  povvei  supplies.  I’olari/ed  liehl  b'd.S  A 
liom  the  helium-neon  l.isei  is  p.issed  thiough  the  s.impic  and  into  the  objective  lens  of 
the  microscope.  An  an.ilvvci  inside  the  micioscope  is  set  at  45°  to  the  polari/er  and  the 
I araday  lotalcd  light  is  then  sensed  by  the  pholodiode/eyepiece  combination.  A sample 
ot  the  incident  be.im  is  used  as  .i  noi mali/mg  coefticient  to  keep  the  laser  output 
variations  Irom  m.iskmg  the  true  sign.il.  The  outpiit  ot  the  normali/.ing  circuit  is  placed 
on  the  oidm.ite  of  .i  Hewlett  I’.ick.inl  model  I .T*!  \ V jilotter.  Abscissa  dat.i  is  taken  from 
a sample  of  the  coil  cuiient  The  me.isurement  is  done  by  first  slowly  increasing  the  coil 
current  in  one  polarity  until  magnetic  satuiation  ot  the  film  is  achieved  as  indicated  by 
the  vanishing  ot  the  fiist  variation  ot  Tai.nl.iy  rot.ition  with  respect  to  applied  field.  Next 
the  current  is  retraced  to  zero  .md  ,my  deviation  ot  the  curve  as  the  tilm  comes  out  ot 
saturation  is  an  indic.ilion  of  m.ignetic  hysteresis  I'in.illy  the  polaiity  ot  the  applied  field 
is  leverseil  and  the  expeiimeiit  lerun  to  ti.ice  out  the  other  half  ot  the  loop.  The  value  of 
4^X1  IS.  then,  readily  obt.iin.ible  liom  the  loop  and,  in  addition.  .i  peimanent  record  of 
the  magnetic  li  ituics  of  the  tilm  h.is  been  .eotten.  I iguie  17.  a curve  run  for  an  in-house 
giown  stripe  sample,  does  yield  ,i  value  toi  47r\l  th.it  c.m  be  .iccepted  with  confidence. 


M 


I iiiuri.’  I I Kol.ilion  v>.  \('riii.il  I loKl 


Knowledge  of  minierieal  values  ot  the  anisotropy  fiekl  ll|^  is  important  heeaiise  the 
delleetor  drive  Held  is  proportional  to  ll|^.  l-'urthermore,  knowleilge  of  numerieal  values 
tor  the  anisotropy  field,  H|^,  in  stripe  domain  lilms  is  important  because  of  all  the 
equations  that  require  this  parameter  as  a coellicient.  This  includes  the  wall  wirlth,  all 
energy,  wall  response  to  an  applied  field,  anisotropy  constant\and  probably  other 
rpiantities  that  may  become  apparent  as  stripe  domain  theory  evolves.  Ihe  simplest 
method  of  ascertaining  the  value  of  ll|^  is  to  determine  the  strength  of  an  in-plane  fiekl 
that  is  just  sufficient  to  draw'  the  magneti/.ation  into  the  plane  of  the  film.  Although  the 
response  of  the  magneti/.ation  to  an  in-plane  field  is  highly  nonlinear,  the  endpoint  never- 
theless describes  the  magnitude  of  M|^. 

In  order  to  t'U'asure  11|^  the  drrM  ai'paratus  was  nuKlified.  A set  of  llelmholt/  coils 
was  wound  around  the  water  cor)led  solenoid  in  such  a way  as  to  provide  for  an  in  plane 
Held  ot  up  to  300  ()e  at  the  sample  location.  The  measurement  is  inaile  setting  the 
polarizer  analyzer  cornbin.ition  tr>  extinction  aiul  then  slowly  increasing  the  current  to 
the  in-plane  coils  until  the  magnetization  is  drawn  in  plane.  .Again  this  is  indicated  by  the 
vanishing  of  the  differential  l•alalkly  effect  as  pinpointed  by  the  photoilioile  sensor.  The 
fiekl  is  then  slowly  returned  to  0 Oe  to  identify  hysteretic  processes.  Finally,  the  experi- 
ment is  repeated  with  the  polarity  ot  the  fiekl  reversed  in  order  to  aid  in  Ihe  elimination 
or  understarxling  of  anomalies  in  the  apparatus  or  sample.  Since  the  data  is  displayeil  on  an 
X Y plotter,  a permanent  record  of  the  lilrns  response  tr>  .in  in- plane  fiekl  is  obtaineil. 
F-'igure  18  is  such  a ilocurnent  and  it  was  gotten  from  one  of  the  in-house  tabricated 
stripe  domain  garnet  films. 

In  comparing  Figure  IX  and  Figure  I",  a stripe  s.irnple  magnetizations  curve,  it  is 
reasonable  to  ipiestion  the  much  larger  apparent  hysteresis  in  the  ll|^  measurement. 
Because  Ihe  scale  factor  on  the  abscissa  ot  the  ll|^  graph  is  live  times  as  sensitive  as 
that  of  the  drrM  graph,  the  ll|^  graph  can  yield  much  greater  detail.  It  is  safe  to  assume 
that  the  actual  hysteresis  m both  the  11|^  loops  .iiul  the  drrM  loops  are  approxirnatelv 
ecpial  for  any  sample. 

I able  d gives  drrM  and  ll|^  values  for  (bi  '»bl  Fe  garnet  Ulins  from  melt  1 .xl . a 
HisO^PbO  melt,  anil  values  for  (Bi't'b)^  ll  e.\lt<;  garnet  films  from  melt  Ib3.  a 
BisO^  - NasO  melt  In  I able  d,  a blank  indicates  Ilk  data  was  not  obtained. 
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flic  viiruilion  ol  iiKiiMK'li/.ilioii  liom  crvsial  lo  crysl.il  is  pmh.ilMy  io;il  jiul  duo  (o 
impmitios.  riio  Al  ooiil.iimnu  lilms  h.i\o  lowci  nuiiincl i/.il ion  lu'causo  soino  ol  tho 
lelr.iliodr;il  iron  has  Ixvii  ivpiacod  hv  Al.  I'hc  anisotropy  ol  llio  lilms  is  low  (.•noiii:l)  so 
that  praolioal  drive  Helds  ean  be  iitili/eil.  I'he  niaimetie  properties  ol  these  erystals  is 
ideal  l'('r  hi:ht  delleetor  uses. 


SECTION  IV 

GRATING  CHARACTERIZATION  - BEAM  DIVERGENCE 


Bi'am  Divcrgcncf 

IIk‘  lirst  onlor  dilTra>.  ti.\l  hoam  is  a colk'dion  ol  smaller  <liserete  beams.  •-  I be 
iiuliviiliial  sub-beams  base  an  angular  divergenee  ^ I mr  and  (be  lol.d  eolleelion  bas 
a disergenee  ol  ^ 10  mr.  In  addition,  Ibe  I'ollowing  elYeels  base  been  obsersed; 

a)  Tbe  zero  order  beam  is  not  noisy  svbieb  implies  tbe  substrate  is  unilorm  and 
Ibe  film  bas  unilorm  Ibiekness  svdtb  respeet  to  imlex.  patblengtb.  ete. 

b)  11  tbe  erystal  is  translated  past  an  aperture  tbe  light  intensity  in  tbe  sub-beams 
ebanges.  So,  there  exist  diserete  regions  ol  non-unil'orm  grating. 

e)  A ebange  of  applied  magnetie  field  causes  some  sulvbeams  to  move  more  than 
others.  Ibis  ean  be  explained  by  independent  sss'itebing  of  separate  regions. 

What  ean  be  done  to  analyze  Ibe  diffraetion .’  Tbe  liiffraetion  ei|ualion  is. 


Differentiation  v ields 


s)r 

eos(l6d=^  1 
:d- 

gd-.ss.osOd- 

for 

X = (>328  A 

0 = 20°  = .3.S  rad 

si  = 0.03  /iin 

and 

Xsl  = 2..*'  50  pfii 
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If 


50  - !0‘-  niil  = 10  mr. 


then  6cl  = .025  nm  (2) 

It  50  = 10'"^  rail  = I mr. 

then  6il  = .0025  mn  (5) 

riuis  we  eannot  simply  look  at  ilomains  with,  a mieroseope  beeause  with  visible  lieht  we 
will  not  see  leatiires  of  this  scale  in  an\  one  ilomain. 

\Miat  we  can  ilo  is  to  note  that  lor  50  - 10  mr,  fid  = 2.5'<.  or  I part  in  40.  We  can 

then  look  for  somethini:  in  the  crystal  that  would  cau.se  such  a small  variation.  We  set  out 

to  I'ind  detects  with  a density  of  one  every  40  domains.  What  we  discovered  was  an 
muisu.il  maimetic  conrieuration : a domain  vertex,  l iiaire  I‘k  In  a dcmaiincti/ed  state,  the 
vertex  domain  could  always  he  associated  with  a film  defect,  although  the  defect  may  he 
remotely  located.  Ihe  vertices  move  when  the  licid  chaniics.  The  domains  bend  near  the 
vertex.  However,  far  Irom  the  vertex  they  arc  unperturbed.  So.  there  is  one  more  of  each 
domain  m the  eratine  reeion  m the  lett  side  ol  I'lgure  I 4 than  m the  riitht  side  ol  I'iimre 
l‘t.  Ihe  crating  on  the  lett  side  contains  one  additional  period.  It  there  arc  N+2  stripes 
on  Ihe  left  side,  then  there  are  only  N stripes  on  the  right  side.  .-\s  a result  the  diffraction 
angle  is  ^|t)  mr  l.irger  on  the  left.  I xpcnmentally  it  was  observed  that  Irequently  N 5®  40 

VMien  a magnetic  drive  tleld  increases,  the  vertex  moves  to  increase  tiie  area  which 
has  one  more  domain  .iiul  reduce  the  .irea  which  has  one  less  ilomain.  In  l igure  I0  the 
vertex  moves  to  the  right  as  the  applicil  magnetic  field  increases.  This  motion  is  one  way 
Ihe  number  ot  domains  in  the  film  increases,  l or  the  purpose  of  a high  resolution 
detlector.  it  is  imperative  that  the  aperture  in  the  crystal  contain  no  vertices.  Thus  if  the 
lilm  is  to  be  .illowed  to  switch  by  vertex  propagation,  the  vertex  ought  to  be  kept  out  of 
the  aperture,  it  possible,  or  ought  to  be  caused  to  move  as  rapidly  as  possible  across  the 
aperture. 
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FIGURE  19  VERTEX:  ONE  MORE  WHITE  AND  ONE  MORE  BLACK 
DOMAIN  EXIST  IN  THE  LEFT  SIDE  THAN  IN  THE  RIGHT  SIDE.  FAR 
FROM  THE  VERTEX  IN  THE  Y DIRECTION,  THE  DOMAINS  ARE  STRAIGHT. 
SO,  THE  GRATING  CONSTANT  ON  THE  LEFT  SIDE  IS  A FEW  PERCENT 
HIGHER  THAN  ON  THE  RIGHT  SIDE,  AND  THE  DIFFRACTION  ANGLE 
FOR  LIGHT  PASSING  THROUGH  THE  LEFT  SIDE  IS  '10  MR  LARGER 
THAN  THE  ANGLE  FOR  THE  RIGHT  SIDE 


1 ieurc  1‘).  Vertex  Domains 
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Two  vertex  (.lomains  ean  oppose  eaeh  other  as  in  Figure  20.  When  this  happens  a 
portion  of  tlie  grating  is  rotated  or  tilted,  but  tlie  grating  spaeing  is  not  perturbed  as 
when  only  one  vertex  exists.  The  perturbation  is  eonfined  to  the  region  between  the  two 
tips.  If  the  two  vertex  tips  are  separated  by  N^.SO  drrmains  in  the  y-direetion  and  if  both 
tips  lie  on  or  near  the  x = 0 line,  the  grating  will  be  tilted  away  from  the  x-axis  In 
small  angle  60  ^ I 0 mr.  Tlie  result  is  that  light  diffracted  by  this  portion  of  the  grating 

is  not  parallel  to  the  light  Lliffraeted  by  the  rest  of  the  grating.  Tlie  angle  or  deviation  is 

i 

I 60  = sin  060;  here.  0 is  the  polar  diffraction  angle,  see  Figure  21.  Since  sin  0 ~~  .5. 

I 60  = 5-  10  m rad.  which  corresponds  to  the  angular  azimuthal  separation  observed. 

i 

1 lixperimentally  one  way  that  many  vertex  domains  can  be  created  is  by  apply  ing  a 

1 

magnetic  field  to  the  stripe  domains  which  have  been  lined  up  in  a different  direction  by 
the  prior  application  of  ,i  magnetic  field.  Sometimes  the  domain  structure  will  rotate 
coherently  in  response  to  the  field,  see  Figure  22  and  23.  When  the  angle  between  the 
directions  of  Urst  arul  second  field  direction  is  more  than  alsout  45°.  then  the  stripes 
buckle  rather  than  rotate  coherently,  see  Fagure  23.  This  results  in  the  formulation  of 

1 numerous  vertices,  see  F igure  24.  By  increasing  the  field  magnitude  in  the  new  direction. 

or  by  applying  a hysteresis  field,  most  of  the  vertex  domains  are  removed.  Tlie  ones 
that  ilo  not  erase  are  attached  to  crystal  defects,  e.g..  scratches,  inclusions,  pits,  or  edges. 

I’hotoniicrographs  of  vertex  tiomains  are  presented.  1 he  lirst  set  show  individual 
vertex  domains;  the  second  set  show  the  resultant  dark  field  grating  image.  Figure  25 
shows  two  vertices.  Hie  innueiiee  of  the  vertex  extends  along  the  line  for 

about  iHO  domains,  and  along  B b'  for  about  S2  domains.  Fhe  distance  between  the 
points  A I and  A2  eipials  the  distance  between  Bl  and  B2.  The  domains  are  '■3  pm 
wide.  Fhe  second  vertex  in  I igure  25  shows  a similar  grating  perturbation. 

F-'igure  2(i  shows  how  the  domains  respond  to  a small  ~I0  CX'  field.  One  vertex  has 
moved  out  of  the  field  of  view.  The  other  has  moved  and  is  being  overtaken  by  a second 
vertex.  A third  vertex  is  visible  in  the  corner.  It  is  moving  in  from  the  opposite  direction. 
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BEAM  FROM  UNTI LTED  G RATING 


F igure  21.  Angular  Divergence 


F igure  22.  Unil'orm  Domains 


1 igure  23.  Coherent  Domain  Rotation 
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F'iglire  25.  Vertex  Domains 
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F-igurc  26.  \'cmIo\  rcspoiisi’  to  ndil  di;ini;(.' 


I'igiiro  27.  Vortex  near  ilol'oct 
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l iiuiio  11  sliows  ;i  singk'  voiles  iK\ii  .1  Liloo  Him  dolool  I'lio  inlluonoo  ol  this  vorlos 
oxtoiuls  ahoul  SO  Jomains  in  Iho  (.liiootion  away  lioiii  llio  ilol'oot  A Mnall  poinl  i)oloi.l 
can  bo  soon  in  Iho  onoirolotl  logion.  Tlio  iloinains  aro  boni  in  Iho  immoilialo  VKiniU  ol 
Ihis  itol  k'k'I  . 

l iguro  IS  shows  Iho  oroalion  ol  nmnonnis  voilioos  by  bnokling.  Hio  Jomams  vvoio 
inilialiy  linoil  u|''  I'rom  I o'olook  lo  7 o'olook.  Ilio  bnokling  losnils  Irom  Iho  applioal ion 
ol  a t'iohl  55°  olookwiso  iVoin  Iho  inilial  iliivolion.  Iho  provions  figuios.  25. In. 27.  aio 
plu)los  ol  Iho  samo  rouion  ol  iho  soiiroo  lilm.  It  is  ovidont  that  all  but  a low  vortioos  woro 
romovoil  uho  photo  in  I'lgiiro  2iS  was  lakon  boloio  25.26.2X,  and  27  woro  t.ikon) 

I iguro  2d  shows  sovoral  stages  of  vortex  rorination.  This  pattern  is  gonoratod  In  apply  mg 
a 60  11/  altornalmg  I'iold  oblii|uoly  to  the  orystal  piano.  As  bol'oro.  all  but  a low  aro  erasable. 

Iho  no\l  sot  ol  liguios  show  an  imago  ol  Iho  grating  in  .i  orystal  viewed  with  a 
miorosorrpo  aiul  oiossod  i'>ol.iii/ois.  Iho  light  m the  imago  is  all  oont. lined  in  iho  lirsl 
onloi  ilittiaolnm  spots.  Tho  an,ily/oi  blooks  the  oontial  spot  .md  Iho  objoolivo  Ions 
.iporluro  blooks  the  highoi  mdor  ililli.Kiod  spots.  So  iho  im.igo  is  oio.ilod  onliioly  by  lirsl 
order  ililTraolod  light.  I'iguio  .UJ  shows  an  imago  ol  .i  poiiion  ol  ilio  oryst.il  with  /ori' 
.ipphoil  field.  It  is  bright  oxoopt  tor  ,i  d.irk  soiatoh.  I iguro  .'1  shows  Iho  samo  oryst.il 
region  with  a small  in-plano  magnotio  Hold.  Ikirk  bands  aro  visible.  .At  tho  loading  edge  ol 
oaoh  ilark  baiul  is  a vortex.  Many  domains  aio  oonl.iinod  m oaoh  band;  tho  bands  .iro 
parallel  to  Iho  ilomains.  Iho  b.iiuls  aio  tlark  booauso  Iho  objooli\o  aportuio  disoriminatos 
.igainsl  tho  largo  dilTraotion  angle  ol  tho  light  liom  Iho  baiul.  As  tho  livid  is  inoioasoil. 
tho  baiirls  advanoo  aoross  tho  oryst.il.  Tiguro  .^2  shows  tho  samo  region  with  a l.irgoi  Hold. 
Both  this  tiguro  and  tho  last  oloarly  show  tho  rlisorolo  nature  ol  tho  grating,  l inally 
Tiguro  shows  tho  region  with  a largo  I'iohl.  It  is  unit'ormly  ilark. 

Thus,  in  oonolusion.  a reason  lor  Iho  struoturo  in  tho  lirst  onior  beam  has  boon 
Klontiliod.  Tho  oxistonoo  and  motion  ol'  vortex  domains  .looounts  lor  most  ot  Iho  slruo- 
turo.  7'ho  vorlox  domains  van  bo  or.isod  by  apply  ing  a largo  fiolil.  oxoopi  whonovor  they 
aro  tied  to  lilm  iloToots.  It  is  oloar  that  tho  optimum  grating  oontams  no  vortex  in  Iho 
aporluro  area.  So.  il  tho  grating  period  is  lo  bo  ohangori  by  vortex  motion  either  I ) Iho 
vortexes  must  bo  oont'inod  lo  .i  region  outside  ol  tho  .iportuio  or  2 I Iho  vorlox  volov  ity 
must  bo  very  largo.  Il  is  our  iiulgomont  that  tho  vorlox  vlomains  v.in  bo  oonliollo.l  in  one 
ol  those  two  ways. 

X| 


F'iguro  31.  Dark  baiuis  in  >>ratinp  imago 
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SECTION  V 

CONC  LUSION  AM)  RECOMMENDATION 


A.  Conclusions 

Stiain-ticc,  crack-frcc  epitaxial  bismuth  ytterbium  garnet  ileneetor  crystals  can  be 
grown  on  c;(i(i  substrates  in  melts  which  contain  either  NasO  or  PbO  in  aiklition  trr 
BijO^.  Ilie  state  ot  strain  in  the  epitaxial  cr\stal  depenils  not  only  on  growth  tempera- 
ture but  also  on  melt  composition.  The  addition  of  NasO  or  I’bO  to  the  melt  is  required 
not  only  to  reduce  the  growth  temperature  but  to  facilitate  growth  of  the  epitaxial 
crystal  -ubject  to  a large  compressive  strain  by  the  substrate.  Tire  compressive  strain 
which  exists  ihrring  growth  ollsets  the  tensile  strain  imparted  by  differential  thermal 
expansion  rates  during  cool-down  to  room  temperature.  In  this  way  strain-free,  crack-free 
detlector  crystals  are  obtained. 

lire  cause  ol  beam  divergence  which  limits  the  number  of  resolvable  spots  in  the 
crystals  grown  lor  this  contract  has  beeri  iilentified.  I'he  gratrng  pcrioilrcitv  is  perturbeil 
by  a vertex  ilornain  strrrctirre.  Ihe  vertex  domains  separate  the  grating  rnto  regions;  each 
region  has  a slightly  different  gratrng  constant  atui  orientation.  Control  of  the  vertex 
domains  should  be  eminently  possible  by  tailoring  the  eilges  of  defect-free  crvstals.  In 
irther  respects  the  magnetic  properties  of  the  detlector  crystals  are  ideal  for  ^tripe 
domain  gratrng  formation. 

The  l anlay  rotation  ol  the  crack-tree  crystals  is  as  large  as  expected,  the  largest 
measirreil  6.f2<S  specific  rotation  was  over  2.x. 000  deg.  cm.  The  large  rotatron  is 
ttecessary  Irrr  an  ellicient  detlector.  I'araday  rotatron  in  excess  of  ,s000  deg  cm  was 
measured  lor  two  cr\sl;rls  at  1 .00  /jrn.  Ihe  I ()(i  /am  optrcal  absorption  ol  a tew  ol  the 
crystals  rs  less  than  I 00  db  cm.  fhe  absorption  mechanism  is  not  understood  but  is 
probabh  dire  to  eleetremic  transitions  among  impunty.  band-gap  states.  Obtaining  crystals 
wrth  lot)  db  ent  or  le.>s  absorption  consrstently  will  be,  in  our  jirdgernent.  ;r  tar  sintpler 
task  than  was  obtaining  crack-l'ree  crystals. 


B.  Rccom^K•lulalio^^ 


rile  ilillieult  crystal  prohlcm  (crackingt  has  been  solved.  Accordingly, we 
recommend  that  the  next  steps  he  taken.  Speeincally,  at  the  same  level  ol'  effort  a 10^’ 
spot,  50'/  efficient  1 .()(>  /am  laboratorv  detlector  can  be  achieved  by: 

1 . Diminishing  beam  divergence  by  vertex  domain  control 


a ml 


2.  Diminishing  optical  losses  to  less  than  100  db  cm  absorption. 

Based  on  the  past  effort,  these  t.isks  are  tractable. 

X 

VVe  believe  that  a 10  spot.  XOV  efficient  detlector  will  necessarily  follow  from  such 


an  ettort 
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